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Abstract 


‘Two types of transmission resonant structures which can provide both high spatial resolution and 
high transmission are discussed. One is a transmission-resonant aperture(TRA) type and the other 
is a transmission-resonant cavity(TRC) type, which are useful in designing so called subwavelength( 
or nano) aperture for the NSOM(Near field scanning optical microscope) probe. There are two typ 
ees of TRC structures. One is a conventional TRC structure, a coupling-aperture-type(CA type) TRC 
which has been used as a band pass filter(BPF) in microwave band. The other is a perforated-apert 
ure-type(PA type) TRC such as narrow rectangular slot and ridged slot structures perforated on th 
e thick conducting screen. The PA type TRC are investigated for the two kinds of transmission reso 
nances, Fabry-Perot(longitudinal resonance) type and transverse resonance type. The desired nano 
-aperture in the NSOM probe design as a TRA can be found by letting the conductor slab thickne 
ss be zero for the transverse resonance condition observed in the PA type TRC on the thick condu 
cting screen. 


Index Terms: Bethe's small hole theory, transmission efficiency, transmission efficiency through the 
aperture, Transmission resonant aperture(TRA), Transmission resonant cavity(TRC) Fabry-Perot(longi 
tudinal resonance), ENZ(transverse resonance) 
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+ Bethe’s small hole theory as a limitation of the poor transmission efficiency 
through small hole (aperture). 






02. Two transmission resonant structure. 


‘To enhance the poor transmission efficiency through the small hole (aperture). 
1) Transmission resonant aperture(TRA) ina thin PEC plane 
2) Transmission resonant cavity(TRC) in a thick PEC slab 

L Coupling aperture type TRC (CA type TRC) 
IL. Perforated aperture type TRC (PA type TRC) 


03. Two types of transmission resonance in the PA typ 
+ Fabry-Perot (longitudinal resonance) type 
* ENZ (transverse resonance) type 
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05. Relation between TRA and PÀ type TRC. 


+ How the TRA structures(such as nanoaperture as NSOM probe, resonant slot, 





and CSRR structures) are evolved from the ENZ type transmission resonant 
structure in PA type TRC 









06. What difference does it make in the transmission resonance phenomena if the 
PEC medium is replaced with plasmonic medium? 
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1. Introduction 


According to the theory of electromagnetic scattering by electrically small hole (Bethe' 
hole), the transmitted power P, through the small aperture in an infinite conducting plane is 
expressed by multiplication of the incident power density (magnitude of Pointing vector) 
P,[Watts/m?] and the transmission cross section (TCS) T as follows: 


mall 











Init erasing plane 
P,[Watts] = Pi[Watts/m?] x T[m?] 4 
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"ncident power density on the incident side — p 999], Un] 9€ Riesa ni E ed 


So the transmitted power through the small aperture becomes very small as D decreases. 


ote Asa measure ofthe transmission iden he TITS) and Transmission cofcient T+ A: aperture area are used interchange) 
Ae IA, Bete. “Tear fraction by sal les Phys Revol p 165162 Oct. 188 
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Two types of transmission-resonant structures 
1) Transmission-resonant aperture(TRA) in a thin PEC plane 


- So far many researches have been done with a view of enhancing the transmission efficiency of 
smiall apertures(holes) for various applications such as optical data storage, nano-lithography, and 
nano-microscopy, meta-material application and other EMl-related area. 

= Various transmission-resonant aperture shapes obtained by reforming the small circular aperture in 


























- How the various TRAS are related to the РА type TRC structures. 
- ie. How the various TRAs which are used in different areas can be explained in one physics frame. 
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- When an electromagnetic wave is incident upon small aperture cut in the infinite conducting plane, 
if geometrical parameters (of the aperture shapes) are appropriately chosen the transmitted power 
through the transmission-resonant aperture may become maximum, amounting to 

P, pores = 6200 
tmax = PX TCS - rs, 

- in which case the incident power upon the TCS (much larger than the physical aperture area) is. 
transmitted through a small aperture. This max. transmission condition is called the transmission. 
resonance condition. 
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- Asananalysis method, RWG(Rao-Wilton-Gilsson) method has been used 
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= Under the transmission resonance, incident power upon the maximum TCS (much larger than the 
physical aperture area) is funneled and transmitted through the aperture and reradiated into the back 
side half space irrespective of the aperture shape and size. 

-Here the transmission resonance means the condition under which the input admittance at port a-b 
is made to be real by choosing appropriately the geometrical parameters of the reformed aperture in 
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2) Transmission-resonant cavity(TRC) in a thick PEC slab 
L — Coupling aperture type TRC (CA type TRC) 





= This is one of the transmission resonant cavity (TRC) 
structures, which is well-known as a transmission-cavity 
type of band pass filter (BPF) structure in microwave 
engineering. 











- Following three types can be also used as transmission-resonant cavities which have the same 
transmission resonant characteristics of TCS. 





aperture type TRC (PA type TRC) appearing later. 
KU 
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Scattering problem 





-Itis interesting to note that the TCS at resonance are found to be Eme] for all the transmission- 


resonant structure (both transmission-resonant aperture and transmission-resonant cavity type), if 
wwe solve the scattering problem under the plane wave incidence as shown below, for the 
appropriately chosen geometrical parameters. 








——Á] ‘© Taman mont cit RC) pe. 
Westin CA pe RC) 
~The two types of structures can be applied to the design of microwave filters and near field 
microwave imaging probes by incorporating one of the above two types of transmission-resonant 
structures in a waveguide run or could be fabricated at the end of tapered fiber or pyramid probe tip. 
— impedance matching problem 
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IL Perforated aperture type TEC (PA type TRC) 

- Thisis a second transmission resonant cavity structure as shown in the right figure below. When the 
guide height b is much smaller than the wavelength, the radiation admittance Y, of the rectangular 
aperture is much smaller than the characteristic admittance of the guide region, 

- Remind that the reflection coefficient T at the aperture is given by l = mE and that as b > 

0, Yg >> Yy and so T—1, which corresponds to the magnetic wall[Ref. essentially the same as the 

magnetic wall model in the microstrip patch antenna). In order to distinguish this type of TRC from 


the foregoing CA type TRC, we call this a PA type TRC. 








| coupe 
peruse 





Ret]Y.K. Cho, J. H.Ko, J1. Lee, "Transmission through a narrow slot in a thick conducting screen”, IEEE Trans, A-P, vol. 57, no. 3, p 2-416, March 
2008, 
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- For both the two TRCs cases, the transmission cross section (TCS) is given by £7. which G is the 
aperture gain of the incident half side. 
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- Only difference between these two kinds of TRCs is that, according to the shape of the coupling 
n 262 y2 
aperture(of incident side), the transmission cross section 27 [m? ] becomes different 








CAtype TRC PA type TRC 
komio 


Г" 
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= ie., for the CA type TRC, the coupling hole is very small in comparison with the wavelength. So 


the gain G(=1.5) for the small Hertzian dipole is used in the expression nw for the transmission 


cross section. 
- On the other hand, for the case of the latter PA type TRC, the gain G(=1.64) for half wavelength 
magnetic dipole is used( a & 4/;). 
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Ш. Comparison of TCS between TRA and TRC — equivalence of TCS between TRA and TRC 


- The line marked with small square represents the transmission cross section for the ridged circular 
aperture, which clearly shows the transmission resonance behavior. On the other hand, the TCS 
(marked with dot) for the original circular aperture is seen to be much smaller than that near the 
resonance frequency of 7.442 GHz for the ridged circular aperture. 

= Using the equivalent circuit method, we can verify easily that the transmission-resonant peak is 
equal to 32? /47 as shown below. 
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Following figure shows the TCS curve versus frequency as a numerical example for the CA type 
2 mm, b=6 mm, a’ = 8 mm, b' - I mm, and |= 24 mm, Here the 





ТЕС for the case that 
numerical analysis has been done by use of mode matching technique. 
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- From comparison of TCS between figures below, itis seen that the peak values of TCS for both the. 
TRA and TRC cases are the same to each other which is given by the expression of 322/47. The 
general expression is 2G2? /47r, where G is the directive gain of the coupling aperture, The peak 
value of TCS for both TRA and TRC cases corresponds to the case that G = 1.5 for small coupling 
aperture which is effectively represented by a short magnetic dipole. This expression for TCS can be 
taken as a common feature(equivalence) between the TRA and TRC cases, 




















TOS ems regency for TRA 








Inu seers 








Two types of transmission resonances in the PA type TRC 
1) Fabry-Perot (longitudinal resonance) type 
2) ENZ (transverse resonance) type 


m] = E 


* The narrow slot structure in ~ PA type TRC structure 
thick conducting sereen under consideration 
(two-dimensional problem) (uuee-dimensiona problem) 


- Depending on whether there is cutoff frequency ог not in the transmission-resonant structure, the 
transmission resonance characteristics becomes different. The two dim. narrow slot structure is a 
representative one in which there does not exist the cutoff frequency. On the other hand, in case of 
the structure under consideration, there exists a cutoff frequency. 


Ref]. Harington, D, Auckland, “Electromagnetic transmission through narrow slots in thick conducting screens,” IEEE Trans. A-?, vol. 28, no. 5, pp 16622, 1980. 
Век. Cho, J.H. Ko, J. L Lee, "Transmission through a narrow slot in a thick conducting screen”, IEEE Trans A-P, vol. 57, no 3, pp.813-816, March 2009. 
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** Numerical results 





© Original poem 
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Remind that TCS = М 
* Pa 
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* Two transmission peaks for the first case that a = 20, b = 1.12, d = 24.56 [mm] 







LL ema tient 
IIT nua 
TE EAE Sein ome 





+ Peak at 9.24 GHz: observed to occur when 
the screen thickness d is somewhat less than 
132 Ge. when the longitudinal cavity like 
Fabry-Perot type is formed) where m: 
integer, Ay: guide wavelength of the 
dominant TE) mode. 


Transmission coeficient T 
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* Two transmission peaks for the first case that a = 20, b = 1.12, d = 24.56 [mm] 


Transmission coeficient T 
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Peak at 7.47 GHz: observed to occur just below 
the cutoff frequency 7.5 GHz for the infinitely 
long rectangular waveguide. 


Interestingly, this type of peak occurs when ft, = 
0. and so occurs almost irrespective of the screen 
thickness d. 


This type of transmission peak is thought to be 
due to the transverse resonance inside the slot in 
the screen of arbitrary thickness 
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+ Two transmission peaks for the second case that a = 18, b = 1.25, d = 33.58 
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Transmission coeficient T 


KNU 


с Rin scant 


Peaks at 9.24 and 11.71 GHz: observed to occur 
E 


when d is somewhat less than n- Z 
the longitudinal cavity like Fabry-Perot type is 
formed. So these transmission peaks belong to 
the same type of peak at 9.24 GHz in the 1* case. 





ie, when 


Peak at 8.32 GHz: observed to occur just below 
the cutoff frequency 8.33 GHz when fj, = 0, so 
this transmission peak belongs to the same type. 
of the peak at 7.47 GHz in the 1 case. 
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‘Two types of Transmission resonances 


1) Transmission resonances at 9.24 GHz for the 1 case and at 9.24 GHz and 11.71 GHz for the 
2! case belong to Fabry-Perot type which are observed only when longitudinal transmission 
avity is formed and so the strong resonant mode is set up along the longitudinal direction, in 


i А 
more detail when d is somewhat less than n -“#/, 
— Fabry-Perot type or longitudinal resonance type. 

2) Transmission resonances at 7.47 GHz for the 1* case and 8.32 GHz for the 2! case belong to 
iransverse resonance type which are observed to occur when ff, 5 0 and so to occur 


irrespective of the screen thickness d. 


— Transverse resonance type(ENZ type). 
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Experimental verification method 


- As discussed in the PA type TRC problem of the narrow slot structure, there are two kinds of 
transmission resonance: 


+ Fabry-Perot (longitudinal resonance) type occurring when the longitudinal cavity length is 
somewhat smaller than the integral multiples of the half of the guide wavelength, 

*  ENZ (Epsilon-near-zero) channel (transverse resonance) type occurring when fi, = 0, 
lowest guided TE,, mode is cutoff. 


the 





- By investigating the [5;; | and [5,; in the following experimental set-up, we can find the 
transmission resonance peaks in the scattering problem. 


[pepe tumeur mrs 
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- Because of the resonant Q of the transmission cavity, the transmission peak frequencies in the 
impedance matching problem don’t change appreciably from the transmission resonance frequencies 
in the scattering problem. 


Scattering problem Impedance matching problem 
Thick Window Very Narrow Slot. 


ew | | 
Waveguide = 
F 
i ee pw | 
| rh owe) 
teu 7—1 


© Experimental eto and yom paramere a) aera yew and (b) erecta ew = 
Падал ве оли m he LL fü, D = 10) 























-For this reason, we transform the scattering problem into the impedance matching problem and 
measure the impedance matching frequencies for transmission resonance frequencies. 
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-At the four sharp dips, good impedance matching is seen to be achieved, implying that electromagnetic 





energy squeezing and guiding occur through a very narrow waveguide channel. 





|r impetance matching problem 


KNU 


Consider the first sharp dip of point a. At this impedance matching 
point frequency, the guide wavelength approaches to very large 
value(infinite), implying that the impedance matching frequency 
corresponds approximately to the cutoff frequency of TEy, mode 
in the central narrow waveguide. 





This means also that ft; (phase constant along the guided direction) 
5:0, mimicking the zero permittivity property. 


At frequencies corresponding to points b, c, and d, the 
transmission resonance phenomena are observed to occur when 
the physical length L is somewhat less than integral multiples of 
half the guide wave length of lowest dominant TE; mode. 
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- For reference, half the guide wavelengths corresponding to points 
b, c, and d are respectively 67.1mm, 31.2 mm, and 20.8 mm. 
Remind that the length L of the central very narrow waveguide 
60 mm. These transmission resonance phenomena are thought to 
occur when the length of the central narrow waveguide is 





А 
somewhat smaller than the integral multiples of 2. 


^poita  — ENZ channel type 
point b, c, d — FP resonator type 
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- Comparison between i 


mpedance matching frequency and TCS peak frequency 
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-Itis seen that the transmission resonant frequencies corresponding to the points a, b, c, and d are in 
close agreement to each other for both the impedance matching and the scattering problems. 








Y ISAP 2018 =» 





+ Prior works on the ENZ structure 


- 40 years ago, R. J. Luebbers and B. A. Munk reported multiple resonances for thick rectangular 
window problem centrally located in rectangular waveguide. 





























- Among the multiple resonances, one type is the ENZ channel type and the other type is the FP 
resonator type as discussed so far, but the authors did not deal with this aspect. 


RefIR. J. Luebbers and B. A. Munk, "Analysis of thick rectangular waveguide windows with finite conductivity," IEEE Trans On Microwave Theory: 
Techniques, vol, MTT-21, no. 7, pp. 461-468 
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5. Relation between TRA and PA type TRC 


= If we obtain the TCS curves for any perforated aperture type transmission-resonance cavity (PA type 
TRO) structure whether itis rectangular slot channel or ridged slot channel(or any other PA type 
ТЕС) аз shown below, the typical TCS characteristic curve is obtained as follows: 
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Note) theres a cutoff frequency for bath cases. 
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4 TCS characteristics 





If the 1* transmission-resonant peak of the 
lowest frequency is highly unsymmetrical, the 
1* peak belongs to ENZ type (remaining peaks 
belong the FP type). 


The appearance of both FP type and ENZ type 
(of transmission resonance) means that there. 
exists of cutoff frequency in the transmission. 
resonance structure. 


Among the peaks 
= “b, c and d” cases 
— FP type (longitudinal resonance type) 


= “a” case 
— transverse resonance type (ENZ type) 
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portant observation for general PA type TRC 


= Inthe PA (perforated aperture) type TRC, if there exists a cutoff frequency, then appearance of both 
Fabry-Perot (longitudinal) type and ENZ(transverse) type of transmission resonance is observed, and 
more importantly, by reducing the longitudinal length of the PA type TRC for ENZ case to zero, we 
get various TRA such as useful nanoaperture structure (H-shaped or C-shaped) and CSRR structures 
and resonant slot. 





- Remind: ENZ type transmission resonance occurs 
type TRC 


respective of the longitudinal length of the PA 


= Andif there does not exist a cutoffi ex, infinitely long slot problem in thick conducting screen), only 
the FP type of transmission resonance is observed 


= Тһе воой example for the latter case is prof. Harrington's work on the transmission resonance in the. 
thick conducting screen[Ref.] 


Ren 





rington, D. Auckland, “Electromagnetic transmission through narrow slots in thick conducting screens,” IEEE Trans 
9.51.52, 1980. 


Кп 








- Difference between transmission resonance problem 1-D (infinitely long slit) and 2-D (rectangular 
slot) slots in thick conducting screen 


hecà 








* The narrow slot structure = PA ype TRC structure 
in thick condueting sereen under consideration 
{dimensional problem) -dimensional problem) 
[m Inor2] 
* no cuf fo TEM ride wetland fo Tig 
Ref]. Harington, D, Auckland, “Electromagnetic jon through narrow slots in thick condar screens," IEE Trans. A-?, vol 28, no. 5, pp.616-622, 1900. 
Ref2}¥.K. Cho, J.H. Ko, J. L Lee, "Transmission through a narrow slot in a thick conducting screen”, IEEE Trans A-P, vol. 57, no 3, pp.813-816, March 2009. 
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- Typical transmission resonance curves for the two cases 


"T 








ал, 
c7 6s = 0052, for lossy dielectic а=20ь 
in slot. Cases shown are €p = € (cirele), rectangular slo 
€n = (1 — 0.01)¢, (triangles), and ey = 
(1 — j0:1)e, (pluses). - On the other hand, in the rectangular slot 
problem where here is cutoff, the 
- In the long slit problem where there is no transmission peak at the lowest frequency. 
омой frequency. all the transmission corresponds to the transverse resonance (ENZ) 
resonance peaks belong to the Fabry-Perot type and takes the form of unsymmetrical 
type und all the resonance curves are curve, 


symmetrical. 
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6. What difference does it make in the transmission resonance 
phenomena if the PEC medium is replaced with plasmonic 

















medium? 
* Inthe case of transmission resonance problem through the infinitely long slit (2D) in the thick 
plasmonic metal slab, the transmission resonance peaks are seen to be spaced at multiples of 
A, /2(— T/B). which is essentially the same as the FP type in the PEC medium. 
12a) 
[o 
aje 
777 a (slot width) 
5.71207 Amm 
£a = -1488+ 039 


FIG. 4, Normalized power transmission (P,P) through a 2D 


iy at 29258208 mm) 
ré.) Webb and. Li “Analyse of transmission through small apertures in conducting fim", Phys. Rev. B, 73, 033401 (2006). 
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= Inthe case of the transmission resonance problem through a single rectangular aperture in a thin 
real (Plasmonic) screen, the transmission resonance phenomena occurring when the longitudinal 
propagation constant fi, becomes almost zero is observed. 


Plasmonic (real) metal 


- The physical origin of this resonance is. 
essentially the same as the one above. 
‘mentioned for the PA type TRC of the narrow 
rectangular slot (3D) structure on PEC slab 
except for frequency shift on the resonance 
peaks. 





Rel}. GarclaVidal L Martin Moreno, Esteban-Moreno, L. K.S. Kuman, and R. Gordon, "Transmission of ight through a single rectangular hole in a 
eal metal”, Phy. Rev. B 7A, 153411 (2006). 
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- Asa general observation, the physical origin of the transmission resonances appearing in both real 
(Plasmonic) metals and perfect conductor is the same. 


Plasmonic (real) metal 


- This observation holds for most transmission 
resonant structures such as long narrow slit, 
narrow rectangular slot, and other PA type TRC 
having narrow slot structures including annular. 
(coaxial) structure except cylindrical hole 
structure[Ref.]. 





"Ret I Kim Y. K Cho, H. S: Tae and J, H. Lee, “Optical guided dispersions and subwavelength transmission in dispersive plasmonic circular holes” 
Optoectronics Review, 14) pp233-1, 2006 
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7. Concluding remarks 


1) Two transmission-resonant structures 

To improve the poor transmission efficiency through small apertures for 
application to various nanoaperture design areas where high beam concentration 
and high resolution is required, 

* Trans ion resonant aperture (TRA) structure 

+ Transmission resonant cavity (TRC) structure 

We [à Coupling aperture type TRC (CA type TRC) structure 

kinds “Lb, Perforated aperture type TRC (PA type TRC) structure 





2) ‘Two types of transmission resonance in PA type TRC structure 
+ Fabry-Perot (longitudinal resonance) type 
+ ENZ (transverse resonance) type 
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7. Concluding remarks 


3) Relation between TRA and PA type TRC 
* How the various TRAs (such as nanoaperture as NSOM probe, resonant slot, 

and CSRR structure, etc.) are evolved from the ENZ type transmission 

resonance type in PA type TRC structure. 

Various TRA structure which are used in seemingly disparate areas 

(nanoaperture in nanotechnology, resonant slot in antenna theory, and CSRR in 

metamaterial area, etc.) can be explained in one physics frame. 

— Any TRA structure can be derived by taking the zero limit procedure of the 

arbitrary thickness of the ENZ type of transmission-resonant structure. 


4) The physical origin of the transmission resonances appearing in both 
real(plasmonic) metals and perfect conductors is the same except for the shift in 
the resonance peaks. 
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